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ABSTRACT: Micro-imaging is employed to monitor the
evolution of intra-crystalline guest profiles during molecular
adsorption and desorption in cation-free zeolites AlPO-LTA.
The measurements are shown to provide direct evidence on
the rate of intra-crystalline diffusion and surface permeation
and their inter-relation. Complemented by PFG NMR and
integral IR measurements, a comprehensive overview of the
diffusivities of light hydrocarbons in this important type of host
materials is provided.

■ INTRODUCTION
It is well known that, under process conditions, the
performance of nanoporous catalysts and adsorbents is often
determined by mass transfer resistance. The introduction of
pulsed field gradient (PFG) NMR to zeolite science and
technology1,2 permitted the first direct measurement of
molecular diffusion in the interior of the individual crystallites.
The primary quantity accessible by this type of measurement is
the probability distribution of the diffusion path lengths within
the sample and, thus, of the mean-square displacement ⟨r2(t)⟩
of the guest molecules on their diffusion path during an
observation time t (typically a few milliseconds).3−5 In this way,
with root-mean-square displacements ⟨r2(t)⟩1/2 sufficiently
small in comparison with crystal sizes, the intra-crystalline
self-diffusivity D* may be easily determined by the Einstein
relation,

= *r t D t( ) 62
(1)

Equation 1 is completely equivalent to the definition of the self-
(or tracer) diffusivity D* by Fick’s first law as the factor of
proportionality between the flux of labeled molecules and their
concentration gradient, under the conditions of a uniform total
concentration.1,5

Operating under equilibrium conditions and with assemb-
lages of crystals, PFG NMR is unable to record mass transfer in
the interior of a particular, individual crystal. Although NMR
tomography has proved to be useful for recording guest
concentrations and fluxes in beds of crystals,6 despite
substantial methodological progress,7,8 spatial and temporal

resolutions are not yet high enough to record mass transfer in
the interior of the individual crystallites. With the successful
application of interference microscopy (IFM)9,10 and infrared
microscopy (IRM)11,12 to micro-imaging with individual
crystals,13,14 however, this type of information has now become
accessible.
The physical quantity measured by these techniques is the

integral (in the observation direction) of the guest concen-
tration rather than the concentration itself. Diffusion studies
exploiting these techniques have therefore been performed
primarily with host systems containing one- and two-dimen-
sional (1D and 2D) channel systems15 where, by observation
perpendicular to the channel direction, the concentration in the
observation direction is constant and, thus, directly accessible.
However, most nanoporous materials have three-dimensional
(3D) pore systems which provide much better conditions for
fast mass exchange between the host interior and the
surrounding fluid, a critical requirement for many technological
applications. The first diffusion studies by micro-imaging with
3D pore systems, notably with zeolites of types MFI10 and
SAV,16 were additionally complicated by the fact that, as a
consequence of host anisotropy, flux rates through the different
crystal faces were very different.
Much better conditions for diffusion studies with 3D pore

networks should therefore be provided by host systems of cubic
symmetry. In this context, zeolites of structure type LTA (with
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NaCaA being the most important representative) appear to be
ideal candidates for such studies. They are available as cubes
with edge lengths of up to tens of micrometers17 and are widely
used in many important processes in the petrochemical
industry.18 Probably as a consequence of the bivalent cations,
however, under the experimental conditions of micro-imaging
with individual NaCaA-type zeolites9 it was impossible, so far,
to attain fully reversible adsorption−desorption cycles. With
the advent of cation-free zeolites of type LTA made of SiO2
(ITQ-29)19 or AlPO4,

20,21 this problem can now be circum-
vented.
In addition to their relevance for fundamental diffusion

studies, zeolites of type LTA are of particular technological
relevance. Together with further zeolite structure types (CHA,
ERI, DDR22), they constitute the important class of “small-
pore” zeolites, the pores of which are constricted by eight-
membered oxygen rings. When not obstructed by cations, their
free apertures assume well-defined values between 3.5 and 4.5
Å, making them ideal host systems for shape-selective
separation of smaller molecules.
We report here the results of an in-depth study of mass

transfer in cation-free zeolites of type LTA with propylene as
the guest molecule. Propylene shows particularly advantageous
conditions for pore space probing by IFM, allowing the
determination of both the intra-crystalline (transport)
diffusivities and surface permeabilities, as a function of loading,
with unprecedented accuracy. The data so obtained are
compared with the results of complementary studies, involving
both other microscopic techniques of diffusion measurements
(IRM and PFG NMR) and other guest molecules (ethane and
propane).

■ EXPERIMENTAL SECTION
Measuring Techniques. A detailed description of the measuring

techniques applied may be found in recent reviews23,14 and the
monograph.5 We therefore present here only a brief summary of the
fundamental principles and limitations of the techniques. All the
techniques applied in this study are referred to as “microscopic” since
they are able to record directly molecular transport over distances that
are small in comparison with the dimensions of the crystals under
study.
The present study was focused on the application of IFM. This

technique records differences in the optical path lengths of light beams
through the crystal with those passing through the surroundings. Since
the optical density of the crystal is a function of the guest loading, the
information thus obtained may be converted into the integral

∫=c x y t c x y z t z( , , ) ( , , , ) d
L

0 (2)

over the guest concentration c(x,y,z,t) in the observation direction
(assigned to the direction of the z coordinate), with L denoting the
crystal thickness in this direction. With propylene as the guest
molecule, variation in the concentration integrals during molecular
uptake or release could be recorded with pressure steps sufficiently
small that the intra-crystalline (transport) diffusivity could be assumed
to be constant and uniform during each transient sorption experiment.
For each individual pressure step the intra-crystalline diffusivity (D)
and the surface permeability (α) were determined by searching for the
best fit of the concentration integrals calculated from the solution of
the diffusion equation (Fick’s second law)
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to the experimentally determined values.24 The transport diffusivity
(defined by Fick’s first law as the factor of proportionality between flux

and the concentration gradient) and the surface permeability
(appearing in the boundary condition of the diffusion equation as
the ratio between the flux through the crystal surface and the
difference between the actual surface concentration and the
concentration in equilibrium with the external guest pressure) are
considered as free parameters.

The IFM measurements were carried out using the interference
microscope Jenamap p dyn (Carl Zeiss GmbH) controlled by a
personal computer, a CCD camera (SenSys KAF 0400, Photometrics),
and a vacuum system.9,25 The attainable resolutions in time and space
(i.e., in the x−y plane, perpendicular to the direction of observation)
were about 15 s and 0.5 μm, respectively.

Diffusion measurements by IRM were also performed by following
the response of the host system following a variation of the guest
pressure in the surrounding atmosphere. If analyzed by a focal plane
array detector, IRM also provides the concentration integral, eq 2, as
the primary experimental quantity. Complications result, however,
because the observation beam deviates by about 15° from the vertical
and, with values of about 3 μm, the spatial resolution is significantly
inferior to IFM.12 Therefore, in the present study, IRM was applied
exclusively in the integral mode. In this case, IRM records the total
uptake of the selected crystal. In comparison with IFM, in this way a
notably better time resolution (fractions of seconds) is attained.
Moreover, operating with a single crystallite and, hence, with an
extremely large surface-to-volume ratio, disturbing effects due to the
finite rate of heat release (which is known to corrupt diffusion
measurement with fast uptake and release in macroscopic sample
arrangements5,26) may be excluded.27

In contrast to IFM and IRM, measurements by PFG NMR are
performed under equilibrium conditions, with the mean-square
displacement (eq 1) of the guest molecules as the key quantity.
PFG NMR measurements are based on the same fundamental law
which is also exploited in NMR tomography7,8 (which today, generally
referred to as MRT,28 has become the most powerful imaging
technique in medical diagnosis), namely proportionality between the
intensity of the magnetic field and the nuclear magnetic resonance
frequency. In this way, by superimposing a constant magnetic field an
inhomogeneous one (the “field gradient”), the spectrum shows the
spin distribution in the gradient direction. In PFG NMR, by the
application of field gradients (of amplitude g) over two short intervals
(of duration δ) at separation t (the “observation time”), one is able to
determine the probability distribution of molecular shifts during t (i.e.,
the difference in the locations of the diffusing molecules between the
first and second field gradient pulses). The experimentally observable
quantity is the intensity of the so-called NMR spin echo, i.e., of a signal
which may be generated by an appropriately chosen sequence of radio-
frequency pulses.29 Under the influence of the field gradient pulses, the
spin−echo may be shown3,23,14 to be attenuated by the factor

ψ γ δγδ = − ⟨ ⟩g t g z t( , ) exp( ( ) /2)2 2 2 2 (4)

with ⟨z(t)2⟩ denoting the mean-square displacement of the molecules
under study in the direction of the field gradient pulses applied. With
eq 1 and assuming isotropy, eq 4 may be written in the form

ψ γ δγδ = − *g t g D t( , ) exp( )2 2 2 (5)

As a necessary and sufficient requirement of the validity of eqs 4 and 5,
the diffusion behavior of the majority of the guest molecules under
study must undergo ordinary diffusion (subject to Fick’s second law,
eq 3) in a quasi-infinitely extended homogeneous space.

Referring to different physical situations, the coefficients of
transport diffusion and self-diffusion cannot be expected to coincide.
In general, they are interrelated by an equation of the type30,31

θ* = +D D Đ1/ 1/ /0 AA (6)

D0 is the (thermodynamically) corrected (transport) diffusivity which
is correlated with the transport diffusivity via the relation

= ∂ ∂D D p cln / ln0 (7)
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with ∂ ln p/∂ ln c denoting the “thermodynamic factor”, i.e., an extra
driving force of the diffusion flux resulting from non-ideality, i.e., from
deviations from linearity in the adsorption isotherm c(p).5 ĐAA,
referred to as the mutual Stefan−Maxwell diffusivity,32,30,31 is a
measure of the mutual “friction” of the guest molecules (as opposed to
their friction with the lattice, which is captured by D0).
For the host−guest systems under study, the limiting step of guest

diffusion is known to be the passage through the windows between
adjacent cages. Hence, the second term on the right-hand side of eq 6
is easily seen to be negligibly small so that, by combining eqs 6 and 7,
the self-diffusivity is seen to coincide with the corrected diffusivity.
One arrives at exactly the same result by application of the absolute
rate theory, i.e., by considering the passage through one window as the
“activated” state during molecular propagation.5 Considering short-
chain-length hydrocarbons in MOF ZIF-8, essentially this situation
may be assumed to occur,33 and, correspondingly, the above
conclusions were found to be perfectly confirmed by comparative
measurements of self-diffusion and transport diffusion.12 It is for this
reason that, in the Results and Discussion section, the PFG NMR self-
diffusivities are compared with the corrected transport diffusivities
from the micro-imaging experiments.
Material. The AlPO-LTA single crystals were prepared according

to the procedure reported in ref 21 using the crown ether Kryptofix
222 as structuring agent, which was first proposed by Schreyeck et al.

The habit of the thus-produced crystals is shown in Figure 1. Prior to
the diffusion studies, the as-made AlPO-LTA single crystals were
calcined over a time span of 6 h at 573 K in O3/air (with about 100
ppm of O3 in air), for removing the template Kryptofix 222 used
during synthesis, with heating and cooling rates of 0.2 K/min.
This sophisticated de-templation process using an air/ozone

mixture had to be developed and applied in order (i) to avoid
cracking of the big single crystals shown in Figure 1 and (ii) to remove
residual C deposition as found after common calcination in air (see
Supporting Information).

■ RESULTS AND DISCUSSION
Propylene Diffusion in AlPO-LTA Single Crystals.

Figure 2a gives an overview of the IFM experiments performed
with propylene in AlPO-LTA single crystals: In a first series, the
propylene pressure was increased in small steps up to a
maximum pressure of 600 mbar. After each pressure step, the
evolution of the intra-crystalline particle concentration was
recorded until equilibrium was established. Desorption,
initiated by a stepwise decrease in the surrounding pressure,
was recorded correspondingly (beginning at 250 mbar). In

addition, also a few ad- and desorption experiments with large
pressure steps (arrows in Figure 2a) were performed. The
equilibrium loading was shown to be the same in both sets of
experiments. In contrast to the behavior observed with cation-
containing LTA,9,34 molecular uptake and release with one and
the same crystal was found to be completely reproducible after
an adsorption−desorption cycle, as exemplified by Figure 2b.
The transport parameters, i.e., the intra-crystalline transport

diffusivity D and the surface permeability α, are obtained by
considering the concentrations resulting from the solution of
the diffusion equation for uptake by a cube of the extension
(2l)3
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where βn is the nth root of β tan(β) =B = lα/D.
The diffusivity and the surface permeability were varied to

yield the best fit between the integrals of the calculated
concentrations and those measured by IFM. The individual
pressure steps considered for these studies were small enough
so that, during each individual uptake (or release) experiment,
both the diffusivity and the surface permeability may be
assumed to be constant, as implied by eq 8. Figure 3 shows the
resulting data.
It is remarkable that both transport diffusivities and surface

permeabilities are found to vary with concentration in exactly
the same way over more than an order of magnitude. This
pattern of behavior was recently observed for short-chain
alkanes in MOF Zn(tbip).35 This observation has given rise to a
new picture of the nature of transport resistances on the surface
of nanoporous materials, since it suggests that the resistance is
caused by an essentially impenetrable wall with dispersed
“holes” rather than by a quasi-homogeneous layer of
dramatically reduced permeability.36 Since the MOFs of type
Zn(tbip) consist of parallel chains of cages,37 it must also be
assumed that, within the real structure of the Zn(tbip) crystals

Figure 1. SEM image of the AlPO-LTA single crystals used in this
study.

Figure 2. Overview of the IFM experiments with propylene in AlPO-
LTA crystals at 295 K. (a) The loadings measured in the stepwise
adsorption and desorption experiments are found to be in good
agreement with each other and with the results obtained with larger
pressure steps (0−20−0 mbar, 0−100−0 mbar, 0−250−0 mbar,
arrows in the representation). They are well approximated by a
Langmuir isotherm (full line). (b) Concentration profiles recorded by
IFM through the crystal center (i.e., profiles along the central
horizontal and vertical lines in the 2D plots as shown in Figure 4)
during two subsequent sorption experiments (open and filled
symbols) with a pressure step from 0 to 250 mbar, exemplifying the
reproducibility of the measurements.
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under study, there must be defects that allow mass transfer
between different chains of cavities. The observation that this
same pattern of diffusion and permeation behavior is observed
in the 3D pore structure of AlPO-LTA is therefore important
because, in this system, there is no need for any further
structural assumptions, and one may refer directly to the
classical relation of the effective medium approach,38,38,39 where
the permeability through an impermeable boundary with, e.g.,
permeable circular holes of diameter d and separation L, is
given by the relation

α = ×d L D/ 2 (9)

which may be rearranged to
α ≈
D

d popen (10)

yielding a rule of thumb for an estimate of the fraction popen of
unblocked surface area.
The increase of this fraction, for a fixed permeability-to-

diffusivity ratio, with increasing hole diameter is a direct
consequence of eq 9 and may easily be rationalized by realizing
that, for a given value of popen, the efficiency of the openings for
mass transfer increases with their degree of dispersion.
With α/D ≈ 2 × 105 m−1 as resulting from our experiments

(Figure 3) and with d ≈ 1.2 nm corresponding to the highest
degree of hole dispersion (the limiting case in which, on the
external surface, unblocked windows do not occur in adjacent
unit cells), popen is found, from eq 10, to be of the order of 10−4.
This means that, among several 1000 “windows” connecting
the intra-crystalline space with the surroundings, only a single
one is permeable. Equation 10 further indicates that, for the
given permeation-to-diffusion ratio, the percentage of un-
blocked windows, popen, will become larger when there is some
“clustering” of the unblocked windows on the crystal surface.
By comparison of the respective time constants (“first

moments” 5,40) of molecular uptake and release under diffusion
(τD ≈ R2/(15D)) and barrier (τα ≈ R/(3α)) control, with the
above-given permeability−diffusivity ratio α/D ≈ 2 × 105 m−1

and a mean crystal radius R ≥ 20 μm, the diffusion resistance is
found to exceed the surface resistance by 1 order of magnitude.
It is important to note that, being based on the direct
measurement of molecular fluxes and their local distribution,
micro-imaging is able to provide accurate quantitative data on

surface permeabilities, even under these conditions under
which any of the conventional techniques, based on either an
analysis of the shape of the uptake/release curves or (as in the
fast NMR tracer desorption technique41) a comparison of
uptake/release with intra-crystalline diffusivities, would not be
applicable.

Comparative Diffusion Studies of Light Hydrocarbons
in AlPO-LTA. Figure 4 provides examples of the complete

information provided by IFM, namely the 2D representation of
the evolution of the concentration integrals over a crystal face.
It simultaneously illustrates the particularly convenient
measuring conditions provided by propylene as a guest
molecule. The analytical results, as obtained by integration
over eq 8 with an ideally cubic crystal, are also provided, where
constant values for both the diffusivity (3 × 10−13 m2 s−1) and
surface permeability (2 × 10−7 m s−1) have been assumed.
These values were chosen to demonstrate the close agreement
between the theoretically predicted and experimentally
observed concentration patterns. Small differences between
the measured and simulated profiles can be attributed to the
simplifying use of constant diffusivity and permeability values in
the simulations as well as to possible deviations from crystal
regularity and to the noise inherent to all experimental
measurements. The last two reasons also explain the small
deviations in the measured profiles from ideal symmetry.
The comparison between propane and propylene yields two

important differences. While the time scale of transient sorption
experiments with propylene (minutes) is ideally suited for the
performance of the experiments (as presented in greater detail
in the previous section), time spans over days, as required for
the experiments with propane, make the measurements more
difficult. For propane, we have therefore confined ourselves to
the single measured point shown in Figure 6b.
As another remarkable difference, the concentration profiles

recorded during propane adsorption are found to deviate much
more strongly from symmetry than those obtained with
propylene on one and the same crystal. These deviations are

Figure 3. Transport diffusivities D (squares) and surface permeabilities
α (triangles) of propylene in AlPO-LTA at 295 K, calculated from the
transient concentration profiles recorded by IFM during molecular
uptake following stepwise pressure change.

Figure 4. IFM profiles of the concentration integrals perpendicular to
a crystal face during three-dimensional uptake of propylene (middle)
and propane (bottom) in one and the same crystal of AlPO-LTA after
a pressure step from 0 to 250 mbar at 295 K and their representation
for an ideal cubic structure (top), following the analytical expressions
of intra-crystalline concentration (eq 8) determined by assuming
constant surface permeability (2 × 10−7 m s−1) and intra-crystalline
diffusivity (3 × 10−13 m2 s−1).
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particularly pronounced during the initial stage of uptake, when
the influence of the surface resistances is particularly significant.
It is most likely, therefore, that the assumption of a
homogeneous surface permeability as implied in our analysis
is less accurately fulfilled for propane. This explanation would
nicely correspond with the fact that the critical diameter of
propane is closer than that of propylene to the window
diameter.
With ethane, on the other hand, the time scales of uptake and

release dropped to seconds which, with our present
experimental system, is too fast to allow monitoring by IFM
micro-imaging. In this case, IR microscopy in the integral mode
has therefore been applied, yielding the time dependence of the
total molecular uptake on individual crystals. By inspecting the
pronounced curvature of the concentration profiles42 as well as
by comparing the respective time constants (see above), for
both propylene and propane, any dominance of surface
resistance on the overall uptake on AlPO-LTA may be
excluded. We therefore modeled the uptake of ethane as
measured by IRM by the analytical solution for 3D, diffusion-
controlled uptake by a cube of extension (2l)3
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The (apparent) intra-crystalline diffusivity as resulting from the
best fit between the analytic expression and the experimental
data was taken as an estimate of the intra-crystalline transport
diffusivity. The corresponding corrected diffusivities (eq 7) are
shown below in Figure 6b. Also included in Figure 6b are the
results of IR measurements with propylene, following the same
type of analysis. Their agreement with the data obtained by
monitoring the intra-crystalline concentration profiles nicely
confirms the validity of our approach.
The high mobility which prohibits the observation of

transient intra-crystalline concentration profiles for ethane in
AlPO-LTA makes it a most suitable system for PFG NMR
measurements of intra-crystalline self-diffusion.43 The PFG
NMR signal attenuation could be followed over almost 2 orders
of magnitude, exhibiting a monoexponential decay. This is
exactly the behavior which, following eqs 4 and 5, is to be
expected for unperturbed intra-crystalline diffusion. Corre-
spondingly, the resulting diffusivities were found to be
unaffected by a variation of the observation time from 10 up
to 200 ms. With the diffusivities shown in Figure 6b, via eq 1
the root-mean-square displacements of the diffusing guest
molecules are found to vary from about 2 up to 10 μm.
Effect of Window Dimensions. The effect of the window

dimensions on the diffusion of small molecules in 8-ring
zeolites has been studied in some detail, especially for the CHA
family.44−46 The bond lengths of Al−O, P−O and Si−O are
significantly different: Al−O = 1.75 Å, Si−O = 1.61 Å, P−O =
1.53 Å, 0.5(Al−O + P−O) = 1.64 Å.
As a result, the unit cell size and the window dimensions of

the CHA structure can be adjusted by changing the Si/Al ratio
or by introducing phosphorus into the lattice to form the AlPO
or SAPO analogues (ALPO-34 or SAPO-34). The SAPO-34
sample considered here had a Si/P ratio of about 1.4, so the
framework dimensions are closer to CHA than to ALPO-34.

For the same reason, the dimensions of the 8-rings in LTA (Si/
Al = 1.0) are somewhat larger than for the pure silica analogue
ITQ-29. The 8-ring dimensions for some of the CHA and LTA
structures, derived from accurate XRD measurements, are
summarized in Table 1.46

Figure 5 summarizes experimental diffusivity data for
propylene, ethylene, and methane from several different

sources. The diffusivities correlate closely with the minimum
diameter of the 8-ring. It is clear that the variation is dramatic,
spanning 3 orders of magnitude for propylene, with an
especially sharp decline when the minimum ring diameter
reaches the critical molecular diameter (∼3.75 Å). A similarly
dramatic drop in the diffusivities is known for cyclohexane in
the 10-ring zeolites MFI where, on the other side, already a
faint increase in the pore opening under liquid-phase
adsorption leads to an enhancement of the diffusivities by
several orders of magnitude.5

Similar effects are seen for the LTA structures, although
since, for these structures, the minimum 8-ring diameters are
somewhat larger, the variations in diffusivity are less dramatic.
Figure 6 compares the results from the present study (Figure
6b) with previous diffusion measurements for the cation-
containing zeolite NaCa LTA (Figure 6a) and for the pure
silicon LTA analogue (ITQ-29, Figure 6c). Taking account of
the difference in temperature, the data for propane and
propylene in NaCaA (Figure 6a) are consistent with the earlier
macroscopic (ZLC and tracer ZLC) measurements as well as
with the earlier PFG NMR data,50 which are not shown.
The data confirm the observation that guest diffusion in the

cation-free LTA isomorphs19 is notably slower than in CaA.44,45

It is remarkable that, even for ethane, for which the critical
diameter (3.7 Å) is substantially smaller than the free diameter
of the 8-ring, there is an order of magnitude difference in
diffusivity between CaA and ITQ-29. Hindrance of rotation in

Table 1. Window Dimensions (Å) for Modified CHA and
Other 8-Ring Structures

CaA 4.6 × 4.2 AlPO-34 3.7 × 4.5
ITQ-29 4.2 × 4.0 SiCHA 3.7 × 4.2
CHA 3.9 × 4.1 DD3R 3.65 × 4.4
SAPO-34 3.8 × 4.3

Figure 5. Correlation of diffusivity data for light hydrocarbons in 8-
ring zeolites with minimum window diameter. Data are from refs
44−48.
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the transition state offers a possible explanation. In cationic
LTA the effect of the window dimensions is complicated by the
presence of bivalent calcium cations, which are known to
reduce the diffusivity of the guest molecules especially for
unsaturated species.51 This probably explains the coincidence of
the diffusivities for propane and propylene (which is slightly
smaller) in CaA, as shown in Figure 6a. However, in the cation-
free samples, the observed decrease in the diffusivities must
clearly be ascribed to the reduction in the window dimensions.
In conformity with this conclusion, the reduction of the
diffusivity is most pronounced for propane, which has the
largest critical diameter of all guest molecules considered.
Micro-imaging during uptake and release of propylene with

carefully detemplated crystals of AlPO-LTA (see Figures 2b
and 4) reveals transient concentration profiles in perfect
agreement with the analytical expressions derived for perfect
crystals, providing strong evidence that these processes are
dominated by intra-crystalline diffusion. This is of particular
importance since earlier PFG NMR diffusion studies with
different batches of pure-silica LTA were found to lead to
significant differences in diffusivity.52 This was taken as an
indication of the existence of additional intra-crystalline
transport resistances53 such as are known to occur, e.g., in
zeolites of the MFI and FAU types.54

Temperature Dependence. MD simulations with ethane
in pure-silica LTA55 have suggested the rather spectacular
option that, with increasing temperature, the guest diffusivity
may decrease rather than increase. Such behavior can be
rationalized by realizing that temperature increase also
accelerates molecular rotation around the direction perpendic-
ular to the molecule’s longitudinal extension, which might
hamper molecular passage through the tight windows. The
temperature-dependent diffusivity measurements by PFG NMR
shown in Figure 7, however, do not show any indication of such
deviations from a normal Arrhenius pattern. The observed
activation energy of +3.7 kJmol−1 is in remarkably good
agreement with the NaCaA data.51

■ CONCLUSIONS
The synthesis of large crystals of cation-free zeolites of type
AlPO-LTA with perfect crystal habit21 has allowed, for the first
time, detailed diffusion studies of nanoporous host materials
with three-dimensional pore networks by micro-imaging. The
cubic symmetry of the host material allows a hitherto
unattained accuracy in the measurement of both the intra-
crystalline diffusivities and surface permeabilities, as demon-
strated in an in-depth study with propylene as a guest molecule.
Notably, over concentration ranges where both the surface

permeability and intra-crystalline diffusivity varied over more
than an order of magnitude, their mutual ratio was found to
remain constant. Similar behavior was recently observed by
Hibbe et al. for light hydrocarbons in Zn(tbip), which has a uni-
dimensional pore structure.35 These observations provide
strong support for the view that, also for the AlPO-LTA
crystals under study, under the given conditions of synthesis
and sample activation prior to diffusion measurements, the
surface resistance arises from complete blockage of most of the
pore entrances rather than from the presence of a more or less
uniform surface layer with a substantially reduced permeability.
By employing IR micro-imaging and PFG NMR as

alternative, complementary “microscopic” techniques for
diffusion measurement, our understanding of the behavior of
AlPO-LTA was extended to guest molecules of both higher
(ethane) and lower (propane) diffusivities. As a general feature
of all these studies, the diffusivities of guest molecules in the
cation-free LTA zeolites (ITQ-29 and AlPO-LTA) were found
to be significantly smaller than in the cation-containing LTA-
type zeolite NaCaA.49 As originally pointed out by Hedin et al.,
this is consistent with the slight reduction of the window
apertures of the Si and ALPO forms.45

Although the general features of the diffusional behavior of
small molecules in type A zeolites have been reasonably well
established from more traditional macroscopic measurements,
the present study illustrates the remarkable level of detail that
can be derived from the application of a combination of
different microscopic techniques. In this context it is perhaps
worth quoting the final sentence of Donald Breck’s two 1956
papers reporting the synthesis and properties of Zeolite A, the
first synthetic zeolite:56 “This study of the Type A zeolite
structure has maintained the interest of the authors because it
has led to a logical correlation between structural features and
adsorption phenomena.”
The development and application of new approaches to the

study of intra-crystalline diffusion have made this statement

Figure 6. Diffusivities (full symbols, self-diffusivities; open symbols,
corrected diffusivities) of ethane (triangles), propylene (squares and
diamonds), and propane (circles) at room temperature (298 K) in
different LTA-type zeolites determined by microscopic measuring
techniques. (a) Na(75)CaA (NaCa LTA): PFG NMR self-diffusivities
of ethane (▶),49 propylene (◆),44 and propane (●),49 and ZLC/
TZLC data for propane (⬢) and propylene (⬟) in CaA (∼75%
exchanged) at 358 K.47 (b) AlPO-LTA (this study): PFG NMR self-
diffusivities of ethane (▲,▼; two different specimens) and corrected
(transport) diffusivities of ethane (∇), corrected (transport)
diffusivities of propylene resulting from IFM (□) and IRM (◇),
and transport diffusivity of propane (⊗). (c) ITQ-29 (Si LTA): PFG
NMR self-diffusivities of ethane (◀)44 and propylene (■).45

Figure 7. Arrhenius plot of the PFG NMR self-diffusivity of ethane in
AlPO-LTA with a loading of about 6 molecules per cavity.
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relevant in ways that could scarcely have been imagined in
1956.
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